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ABSTRACT
This article is the second of a series of articles aiming at proving the feasibility of
the forecast of all the most relevant classical atmospherical parameters for astronom-
ical applications (wind speed and direction, temperature, relative humidity) and the
optical turbulence (C2
N
and the derived astro-climatic parameters like seeing ε, isopla-
natic angle θ0, wavefront coherence time τ0...). This study is done in the framework
of the MOSE project, and focused above the two ESO ground-bases sites of Cerro
Paranal and Cerro Armazones. In this paper we present the results related to the
Meso-Nh model ability in reconstructing the surface layer atmospherical parameters
(wind speed intensity, wind direction and absolute temperature, [0-30] m a. g. l.). The
model reconstruction of all the atmospherical parameters in the surface layer is very
satisfactory. For the temperature, at all levels, the RMSE (Root Mean Square Error)
is inferior to 1◦C. For the wind speed, it is ∼2 m·s−1, and for the wind direction, it
is in the range [38-46◦], at all levels, that corresponds to a RMSErelative in a range
[21-26%]. If a filter is applied for the wind direction (the winds inferior to 3 m·s−1
are discarded from the computations), the wind direction RMSE is in the range [30-
41◦], i.e. a RMSErelative in the range [17-23%]. The model operational forecast of the
surface layer atmospherical parameters is suitable for different applications, among
others: thermalization of the dome using the reconstructed temperature, hours in ad-
vance, of the beginning the night; knowing in advance the main direction which the
strong winds will come from during the night could allow the astronomer to anticipate
the occurrence of a good/bad seeing night, and plan the observations accordingly;
preventing adaptive secondary mirrors shake generated by the wind speed.
Key words: turbulence - site testing - atmospheric effects - methods: data analysis
- methods: numerical
1 INTRODUCTION
This paper is the second part of a general study about
the feasibility of the forecast of meteorological parameters
and optical turbulence at ESO sites (Cerro Paranal and
Cerro Armazones) in the framework of the MOSE project
(MOdeling ESO Sites). The MOSE project, and the first
results obtained for the vertical stratification of different
atmospheric parameters, are presented in a joint paper
(Masciadri, Lascaux & Fini 2013). The reader can refer to
this joint paper to have more details about MOSE. We
only recall here that the MOSE project aims at proving
the feasibility of the forecast of the most relevant classical
atmospherical parameters for astronomical applications
⋆ E-mail: lascaux@arcetri.astro.it; masciadri@arcetri.astro.it
(wind speed intensity and direction, temperature, relative
humidity) and the optical turbulence OT (C2N profiles)
with the integrated astro-climatic parameters derived from
the C2N i.e. the seeing (ε), the isoplanatic angle (θ0), the
wavefront coherence time (τ0) above the two ESO sites of
Cerro Paranal (site of the Very Large Telescope - VLT) and
Cerro Armazones (site selected for the European Extremely
Large Telescope - E-ELT).
The final outcome of the project is to investigate the
opportunity to implement an automatic system for the fore-
cast of these parameters at the VLT Observatory at Cerro
Paranal and at the E-ELT Observatory at Cerro Armazones.
The Meso-Nh model has already successfully been used
to investigate some atmospherical parameters above sites
of interest for the astronomy: at Roque de los Muchachos
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(near ground temperature, Masciadri, Vernin & Bougeault
(2001)); at San Pedro Martir (wind speed profiles,
Masciadri & Garfias (2001)); at Cerro Paranal in Chile
and Maidanak in Uzbekistan (near ground wind speed,
Masciadri (2003)); in Antarctica (wind speed and tem-
perature profiles at Dome C, Lascaux et al. (2009)); at
Mount Graham, Arizona (wind speed vertical distribution,
Hagelin, Masciadri & Lascaux (2010) and use of the Meso-
Nh wind speed for wavefront coherence time reconstruction,
Hagelin, Masciadri & Lascaux (2011)). In the present study,
we focus our analysis on the model ability in reconstructing
the meteorological surface parameters (temperature, wind
speed and direction), from the ground up to 30 m a. g. l,
at Cerro Paranal and Cerro Armazones. In Section 2, we
describe the numerical set-up used for the mesoscale simu-
lations. In Section 3, we present the data-set (instruments
and measurements) and the statistical parameters used to
evaluate the performances of the model. In Section 4, we
evaluate the overall statistical performances of the model. In
Section 5, we look at the single nights temporal evolutions
of the meteorological surface forecasted parameters. In
Section 6, we look more closely at the performances of the
model for the individual nights. In Section 7, we discuss
the usefulness of the correlation coefficient in our context.
Conclusions are drawn in Section 8.
2 MODEL CONFIGURATION
All the numerical simulations of the nights presented in this
study have been performed with the mesoscale numerical
weather model Meso-Nh1 (Lafore et al. 1998). The model
has been developed by the Centre National des Recherches
Me´te´orologiques (CNRM) and Laboratoire d’Ae´reologie
(LA) from Universite´ Paul Sabatier (Toulouse). The Meso-
Nh model can simulate the temporal evolution of three-
dimensional meteorological parameters over a selected finite
area of the globe. We refer the reader to Masciadri et al.
(2013), Sec. 3.3, for the general model configuration and the
physical packages. We just recall here the use of the grid-
nesting technique (Stein et al. 2000), that consists in using
different imbricated domains of the Digital Elevation Mod-
els (DEM i.e orography) extended on smaller and smaller
surfaces, with increasing horizontal resolution but with the
same vertical grid. In this study we use two different configu-
rations. The first grid-nesting configuration employed three
domains (Fig. 1 and Table 2) and the innermost resolution
is ∆X = 500 m. The second configuration is made of five
imbricated domains, the first same three as the previous con-
figuration, and other two centered at both Paranal and Ar-
mazones sites, with a horizontal resolution of ∆X = 100 m
(all domains of Fig. 1 and Table 2). One can notice that,
using these configurations, we are able to do the forecast at
both sites simultaneously. The orographic DEMs we used
for this project are the GTOPO2 with an intrinsic horizon-
tal resolution of 1 km (used for the domains 1 and 2) and
the ISTAR with an intrinsic horizontal resolution of 0.5 km
1 http://mesonh.aero.obs-mip.fr/mesonh/
2 http://www1.gsi.go.jp/geowww/globalmap-
gsi/gtopo30/gtopo30.html
(used for the domain 3). Along the z-axis we have 62 lev-
els distributed as follows: a first vertical grid point equal to
5 m, a logarithmic stretching of 20 % up to 3.5 km above the
ground, and an almost constant vertical grid size of ∼600 m
up to 23.8 km.
All the simulations done for the analyses discussed in this
paper, were initialized the day before at 18 UT and forced
every 6 hours with the analyses from the ECMWF, and fin-
ished at 09 UT of the simulated day (for a total duration
of 15 hours). The statistics is computed only during night
local time, from 00 UT to 09 UT.
3 OBSERVATIONS DATA-SET AND
STATISTICAL TOOLS
Site(s): Cerro Paranal and Cerro Armazones;
Instruments: Automatic Weather Station (AWS) and
masts;
Parameters investigated: wind speed, wind direction,
absolute temperature;
Number of nights: 20 nights in summer 2007 (cf. Table 3
for a complete list);
Atmospheric region investigated: surface layer
([0,30 m], cf Table 4).
During the MOSE project, our team have studied data
from 20 nights of the PAR2007 campaign (Dali Ali et al.
2010), which have been used for the model calibration
of the optical turbulence (results will be presented in a
forthcoming paper). We decided to use these nights also
for the meteorological forecast validation. However, not all
the nights of the PAR2007 campaign have meteorological
measurements available at both sites contemporaneously,
so we completed the data sample with other nights during
the same period (November-December 2007) for which
observations were available at both Cerro Paranal and
Cerro Armazones. The 20 nights are listed in Table 3. At
Cerro Paranal, observations of meteorological parameters
near the surface come from an automated weather station
(AWS) and a 30 m high mast including a number of sensors
at different heights. Both instruments are part of the VLT
Astronomical Site Monitor (Sandrock & Amestica 2009).
Absolute temperature data are available at 2 m and 30 m
above the ground. Wind speed data are available at 10 m
and 30 m above the ground (Table 4). At Cerro Armazones,
observations of the meteorological parameters near the
ground surface come from the Site Testing Database
(Schoeck et al. 2009), more precisely from an AWS and a
30 m tower (with temperature sensors and sonic anemome-
ters). Data on temperature and wind speed are available
at 2 m, 11 m, 20 m and 28 m above the ground (Table 4).
At 2 m (Armazones) temperature measurements from the
AWS and the sonic anemometers are both available but
we considered only those from the tower (accuracy of 0.10
◦C) (Skidmore, Travouillon & Riddle 2007). Those from
the AWS are not reliable because of some drift effects
(T. Travouillon, private communication). Wind speed
observations are taken from the AWS (at 2 m) and from
the sonic anemometers of the tower (at 11 m, 20 m and 28
m). The outputs are sampled with a temporal frequency of
c© 2013 RAS, MNRAS 000, 1–13
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Table 1. Geographic coordinates of the two sites investigated in this paper (Cerro Paranal and Cerro Armazones). The altitude is in
meter. ∆h represents the difference between the Meso-Nh ground altitude and the real ground altitude.
SITE LATITUDE LONGITUDE
MESO-NH MEASURED
GROUND ALTITUDE (m) GROUND ALTITUDE (m)
∆X=500 m ∆X=100 m
Cerro Paranal ∗ 24◦37’33.117”S 70◦24’11.642”W 2478 (∆h=156 m) 2545 (∆h=89 m) 2634
Cerro Armazones∗∗ 24◦35’21”S 70◦11’30”W 2901 (∆h=164 m) 3010 (∆h=55 m) 3065
∗
UT1 facility unit coordinates.
∗∗
GPS measurement by ESO.
Table 2. Meso-Nh model configurations (Table extracted from Masciadri et al., 2013). In the second column the horizontal resolution
∆X, in the third column the number of grid points and in the fourth column the horizontal surface covered by the model domain.
Domain ∆X (km) Grid Points
Domain size
(km)
Domain 1 10 80×80 800×800
Domain 2 2.5 64×64 160×160
Domain 3 0.5 150×100 75×50
Domain 4 0.1 100×100 10×10
Domain 5 0.1 100×100 10×10
1 minute.
To estimate the statistical model reliability in recon-
structing the main meteorological parameters we used the
averaged values plus two statistical operators: the bias and
the root mean square error (RMSE).
BIAS =
N∑
i=1
(∆i)
N
(1)
RMSE =
√√√√ N∑
i=1
(∆i)2
N
(2)
with ∆i = Yi−Xi where Xi are the individual observations,
Yi the individual simulations parameters calculated at the
same time and N is the number of times for which a couple
(Xi,Yi) is available with both Xi and Yi different from zero.
Because the wind direction is a circular variable, we define
∆i for the wind direction as:
∆i =


Yi −Xi if |Yi −Xi| ≤ 180
◦
Yi −Xi − 360
◦ if Yi −Xi > 180
◦
Yi −Xi + 360
◦ if Yi −Xi < −180
◦
(3)
We decided not to analyse the correlation coefficient, and
a dedicated discussion on its uselessness for our study will
be done in Section 7. At the same time, due to the fact
that we are interested in investigating the model ability in
forecasting a parameter and not only in characterizing it,
it is important to investigate also the correlation observa-
tions/simulations calculated night by night and not only in
statistical terms. We also report in every scattered plot the
slope of a regression line passing by the origin.
4 OVERALL STATISTICAL MODEL
PERFORMANCES
We first proceed in this section to an overall statistical study
of the model performances in reconstructing temperature,
wind speed and wind direction near the ground at both sites
(Cerro Paranal and Cerro Armazones). All the statistical
computations are made on the whole sample of data cover-
ing 20 nights of observations (Table 3). Fig. 2 displays the
scattered plots of the model computed absolute temperature
against the observed absolute temperature, for both sites,
and at every altitudes for which observations were avail-
able (see Table 4). Fig. 3 displays the scattered plots of the
model computed wind speed (with the ∆X = 100 m configu-
ration) against the observed wind speed, for both sites, and
at every altitudes for which observations were available (see
Table 4). Finally, Fig. 4 displays the scattered plots of the
model computed wind direction against the observed wind
direction, for both sites, and at every altitudes for which
observations were available (see Table 4). All the bias and
RMSE values reported in these figures are also summarized
in Tables 5, 6, 7, 8 and 9. In all the aforementioned figures,
every point is the result of a 30-minutes average for both
observations and model.
4.1 Absolute temperature and wind speed
The results in terms of absolute temperature are particu-
larly impressive. Considering both sites, and every levels,
the bias is very small: it goes from 0.03◦C at 28 m at
Cerro Armazones (smallest value) to 0.78◦C at 2 m at
Cerro Armazones (largest value), well below 1◦C. Even
the RMSE is almost always inferior to 1◦C, which is very
satisfying (the largest value of 1.10◦C is encountered near
the ground at 2 m at Cerro Armazones). These are very
interesting values considering that the typical values for
the temperature (and for the period considered with this
sample, i.e. summer) are between 11◦C and 13◦C at Cerro
c© 2013 RAS, MNRAS 000, 1–13
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(a) (b)
(c)(d)
(e)
Figure 1. Orography (altitude in m) of the region of interest as seen by the Meso-Nh model (polar stereographic projection) for all the
imbricated domains of the grid-nested configuration. (a) Domain 1 (orographic data from GTOPO), (b) Domain 2 (orographic data from
GTOPO), (c) Domain 3 (orographic data from ISTAR), (d) Domain 4 (orographic data from ISTAR), (e) Domain 5 (orographic data
from ISTAR), A dot stands for Cerro Armazones and P dot stands for Cerro Paranal. See Table 2 for the specifications of the domains
(number of grid-points, domain extension, horizontal resolution). The reader nay notice that domain (a), (b) and (c) are identical to
the domains (a), (b) and (c) of Figure 1 of Masciadri et al. (2013). The innermost domains (d) and (e) are only relevant in this present
paper since we also present the results from simulations performed with these very high horizontal resolutions (∆X = 100 m).
Table 3. List of the 20 simulated nights with available meteorological observations near the surface. These 20 nights were used for the
validation of the model meteorological performances.
Simulated Nights - meteorological surface observations
2007-11-02 2007-11-03 2007-11-04 2007-11-05 2007-11-06
2007-11-07 2007-11-11 2007-11-13 2007-11-14 2007-11-17
2007-11-18 2007-11-20 2007-11-27 2007-11-28 2007-11-29
2007-11-30 2007-12-20 2007-12-22 2007-12-23 2007-12-24
Table 4. Altitudes of observation for all meteorological parameters investigated near the surface, at Cerro Paranal and Cerro Armazones.
Parameters Cerro Paranal Cerro Armazones
Wind speed 10 m / 30 m 2 m / 11 m / 20 m / 28 m
Wind direction 10 m / 30 m 2 m / 11 m / 20 m / 28 m
Temperature 2 m / 30 m 2 m / 11 m / 20 m / 28 m
c© 2013 RAS, MNRAS 000, 1–13
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Cerro Armazones
Cerro Paranal
Figure 2. Scattered plot of Meso-Nh temperature against observations, at 2 m and 30 m at Cerro Paranal (top figures); at 2 m, 11 m,
20 m and 28 m at Cerro Armazones (central and bottom figures). Every point represents the average over an interval of 30 minutes. The
dashed lines represent the ideal y = x relationship. The thin straight lines are the regression lines of the sample y = B·x, passing by the
origin. See Table 5.
Paranal and between 8◦C and 10◦C at Cerro Armazones.
As for the wind speed near the surface, we can see
(Table 6 - the corresponding scattered plot is not shown
here) that the model with the standard ∆X = 500 m
configuration, underestimates the observed wind velocity,
especially at the first level of observations (2 m). The
bias goes from 1.07 m·s−1 at 30 m at Cerro Paranal to
3.58 m·s−1 at 2 m at Cerro Armazones. The RMSE can
reach values as large as 4.74 m·s−1 (at 11 m at Cerro
c© 2013 RAS, MNRAS 000, 1–13
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Cerro Armazones
X = 100 m
Cerro Paranal
∆
X = 100 m∆
Figure 3. Scattered plot of Meso-Nh wind speed against observations, at 10 m and 30 m at Cerro Paranal (top figures); at 2 m, 11 m,
20 m and 28 m at Cerro Armazones (central and bottom figures). Meso-Nh configuration is the ∆X = 100 m configuration. Every point
represents the average over an interval of 30 minutes. The dashed lines represent the ideal y = x relationship. The thin straight lines are
the regression lines of the sample y = B·x, passing by the origin. See Table 7.
c© 2013 RAS, MNRAS 000, 1–13
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Cerro Armazones
Cerro Paranal
Figure 4. Scattered plot of Meso-Nh wind direction against observations, at 10 m and 30 m at Cerro Paranal (top figures); at 2 m, 11 m,
20 m and 28 m at Cerro Armazones (central and bottom figures). Every point represents the average over an interval of 30 minutes. The
red dots correspond to points for which the observed wind was inferior to WSth = 3 m·s
−1. The corresponding values of bias and RMSE
for the sample without these dots are reported in red in the bottom right of each plot. Notice that no regression line is calculated in the
case of wind direction comparisons. See Table 8.
c© 2013 RAS, MNRAS 000, 1–13
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Table 5. Near surface temperature bias and RMSE (Meso-Nh minus Observations), using the data with re-sampling average over 30
min. See Fig. 2.
Absolute temperature (◦C)
PARANAL ARMAZONES
2 m 30 m 2 m 11 m 20 m 28 m
BIAS 0.16 -0.15 0.78 0.08 0.06 0.03
RMSE 0.96 0.83 1.10 0.84 0.87 0.89
Table 6. Near surface wind speed, bias and RMSE (Meso-Nh with the standard configuration - maximum ∆X = 500 m - minus
Observations).
Wind speed (m·s−1) - ∆X = 500 m
PARANAL ARMAZONES
10 m 30 m 2 m 11 m 20 m 28 m
BIAS -2.17 -1.07 -3.58 -3.31 -2.33 -2.00
RMSE 3.14 2.62 4.54 4.74 4.20 4.15
Armazones). These values are not important in absolute
terms but they are not negligible in relative terms. Indeed,
the wind speed has an average value during the night of
around 5 m·s−1 at 10 m at Cerro Paranal and at 2 m at
Cerro Armazones. At the higher elevations at Cerro Paranal
it is around 5-6 m·s−1, and at Cerro Armazones it is around
6-7 m·s−1. This mean that the relative error can be as
large as 50% for some cases. This understimation can be
explained by the relative smoothing of the orography with
∆X = 500 m that could generate a weaker than observed
wind speed over the mountainous peaks (like at Cerro
Paranal and Cerro Armazones). One way to overcome this
situation is to increase the horizontal resolution. Fig. 3
shows results obtained with the ∆X = 100 m configuration.
Table 7 summarized these results. There is an evident
improvement of the wind speed reconstructed over Cerro
Paranal and Cerro Armazones by the model of a factor ∼2.
The bias strongly reduces at the higher levels (0.38 m·s−1 at
28 m at Cerro Armazones and 0.44 m·s−1 at 30 m at Cerro
Paranal). Its largest value is only 1.47 m·s−1 at 2 m at
Cerro Armazones). The RMSE is halved, from a maximum
value of 4.74 m·s−1 (at 11 m at Cerro Armazones) with
the ∆X = 500 m configuration to a maximum value
of 2.77 m·s−1 (at 11 m at Cerro Armazones) with the
∆X = 100 m configuration, a much more satisfactory result.
The relative error that reached in some cases ∼50% with
the ∆X = 500 m configuration, is now only about 20% with
the ∆X = 100 m configuration. It is worth noticing that
in the ∆X = 100 m configuration (not shown here), the
simulated absolute temperature remains very good. This
tells us, in case one uses the ∆X = 100 m configuration,
satisfactory results for both temperature and wind speed
are obtained.
4.2 Wind direction
To our knowledge, few studies were aimed at deeply
analysing the quality of the forecast of the wind direction
by mesoscale model. By construction, the values of the wind
direction bias are in the range [-180◦,180◦], that correspond
to the maximum bias possible (the wind direction is a circu-
lar variable). We can define the relative RMSE for the wind
direction (as in Jime´nez & Dudhia (2013)) as:
RMSErelative = RMSE/180
◦ (4)
because the maximum RMSE is 180◦.
For the ground-based astronomy, it is more important to
know the wind direction when the wind is strong. When
the wind velocity is weak, knowing its direction becomes
irrelevant. This is particularly true when one studies the vi-
brations on adaptive secondaries (see Masciadri et al., 2013,
for a more extended discussion). Moreover several studies
pointed out a dependency of the wind direction variabil-
ity on the inverse of the wind speed (Joffre & Laurila 1988;
Davies & Thomson 1999; Mahrt 2011). With these consid-
erations in mind, we have analyse both the complete sample
(no filter applied) and a sub-sample with the data filtered
using a threshold of 3 m·s−1. In Fig. 4 we reported the scat-
tered plots of the wind direction. The red dots correspond
to points for which the observed wind speed was inferior to
3 m·s−1. In the top left of each plot, in black, are reported
the values of the bias and RMSE for the whole sample at
the corresponding level. In the bottom right of each plot, in
red, are reported the values of the bias and RMSE of the
filtered sample (the red dots corresponding to an observed
wind speed inferior to 3 m·s−1, are discarded from the cal-
culations: only the black dots have been considered). If we
look at all the data without filtering the weakest winds (i.e.
all the points, red and black, of Fig. 4), the resulting bias,
at every level, is close to zero, in the interval [0.1 - 9.9◦],
which is impressive. More over, the RMSE is between 43◦
and 58◦, which also means that in other words we have a
RMSE always smaller than a quadrant. This corresponds to
a RMSErelative between 24% and 32%.
The scattered plots with the filtered data are in Fig. 4 (bias
and RMSE values reported in red), and the bias and RMSE
are summarized in Table 9. The bias remain very similar
(with respect to the bias with no filtering of the weak winds)
and is always inferior to 12◦. The RMSE is much smaller
and is now between 31.7◦ (RMSErelative=18%), at 28 m at
Cerro Armazones and 43◦ (RMSErelative=24%), at 10 m
at Cerro Paranal, which represents a gain up to around 15◦
(8% for RMSErelative) with respect to the RMSE with no
filtering. We verified that the model is particularly sensitive
c© 2013 RAS, MNRAS 000, 1–13
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Table 7. Near surface wind speed, bias and RMSE (Meso-Nh with the high horizontal resolution configuration - maximum ∆X = 100
m - minus Observations). See Fig. 3.
Wind speed (m·s−1) - ∆X = 100 m
PARANAL ARMAZONES
10 m 30 m 2 m 11 m 20 m 28 m
BIAS -0.90 -0.44 -1.47 -1.37 -0.63 -0.38
RMSE 2.43 2.49 2.63 2.77 2.50 2.59
Table 8. Near surface wind direction, bias and RMSE (Meso-Nh with the standard configuration - maximum ∆X = 500 m - minus
Observations). See Fig. 4.
Wind direction (◦)
PARANAL ARMAZONES
10 m 30 m 2 m 11 m 20 m 28 m
BIAS -1.1 -4.0 6.7 9.9 4.9 -0.1
RMSE 58.0 56.4 50.3 45.7 44.1 42.9
to the threshold of the wind speed. The improvements of
the RMSE is therefore better with a threshold of 3 m·s−1
than with 2 m·s−1 which would provide a gain of 10◦ (5%
for RMSErelative).
Considering the complicated orography of both sites (local
peaks surrounded by mountainous terrains), and the known
difficulties in forecasting the wind direction in such condi-
tions, these results are very satisfactory. They are, for exam-
ple, in line with recent results obtained using another meso-
cale model, WRF, by Jime´nez & Dudhia (2013), and even
better. Indeed, using a nesting configuration with the inner-
most horizontal resolution of 2 km (we remind the reader
that we use a 500 m horizontal mesh-size in our innermost
domains), they found a RMSErelative over the mountains
around 28%. One should bear in mind that the results of
Jime´nez & Dudhia (2013) were obtained at a different site
(over the northeastern Iberian peninsula), a region with
complex terrain but with somehow lower mountains than
Cerro Paranal or Cerro Armazones. Moreover, they anal-
ysed both day and night winds, whereas we considered in the
present study only night winds. The comparison is therefore
done in qualitative terms only.
5 TEMPORAL EVOLUTIONS
Fig. A1 and Fig. A2 (Appendix A) show the temporal
evolution of the average, the bias and the RMSE (at differ-
ent levels and above Cerro Paranal and Cerro Armazones,
respectively) of the absolute temperature. Looking at
Fig. A1 and Fig. A2 we conclude that, above both Cerro
Paranal and Cerro Armazones, we obtain excellent bias
and RMSE values: the bias is well below 1◦C (at some
heights well inferior to 0.5◦C) and, even more impressive,
the RMSE is basically always inferior to 1◦C.
Fig. A3 and Fig. A4 show the temporal evolution of the
average, the bias and the RMSE (at different levels and
above Cerro Paranal and Cerro Armazones, respectively) of
the wind speed using the ∆X = 100 m configuration with 5
imbricated domains for Meso-Nh. We note a general residual
tendency of the model in slightly underestimating the wind
speed all along the night, particularly at the first level
(2 m). But the understimation is limited and the overall
results are very satisfactory. We present the results for the
∆X = 100 m configuration only because we found that such
a new configuration definitely and substantially improves
the model performances with respect to the ∆X = 500 m
configuration. The improvement in reconstructing the wind
speed near the surface is of around 50% (with respect to
the ∆X = 500 m configuration, not shown here).
Fig. A5 and Fig. A6 show the temporal evolution of the av-
erage, the bias and the RMSE (at different levels and above
Cerro Paranal and Cerro Armazones, respectively) of the
wind direction. During the night, the absolute bias is infe-
rior or close to 20◦ at Cerro Armazones, and inferior to 10◦
at Cerro Paranal. For both sites, the RMSE remains inferior
to 60◦. Those are excellent results that demonstrate the
ability of the model in predicting the general wind direction.
More over, for all the atmospherical parameters near
the surface, at all levels and at both sites, the general trend
during the night is fairly reproduced by the model. We
want to highlight here, once again, that the first hours of
the simulation (thus during the day) are not the subject
of our study, which is focused on the reconstruction of the
atmospherical parameters by the model during the night.
Studying the evolution of these parameters during the day
would imply changing the model initialization, in order to
begin the simulation hours before the current chosen time
of 18 UT.
6 INDIVIDUAL NIGHTS MODEL
PERFORMANCES
In this section we present the analysis done on the model
performances in reconstructing the atmospheric parame-
ters, night by night. We computed for every single night
(from the 20 nights sample of Table 3) the bias, RMSE
between model and observations, for both sites and at every
level near the surface where observations were available,
for the absolute temperature and the wind speed and
direction. We calculate the cumulative distributions for
c© 2013 RAS, MNRAS 000, 1–13
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Table 9. Near surface wind direction, bias and RMSE (Meso-Nh with the standard configuration - maximum ∆X = 500 m - minus
Observations). See Fig. 4. Here the points for which the wind speed was inferior to 3 m·s−1 were discarded in the computations of the
bias and the RMSE (red dots of Fig. 4).
Wind direction (◦)
PARANAL ARMAZONES
10 m 30 m 2 m 11 m 20 m 28 m
BIAS -9.6 -9.9 10.5 12.0 8.6 2.5
RMSE 41.5 43.0 37.8 37.3 33.8 31.7
Table 10. Near surface median bias and RMSE (Meso-Nh minus Observations), of the temperature from the single nights (Table 3)
values (see Fig. B1). In small fonts, the 1st and 3rd quartiles.
Absolute temperature (◦C)
PARANAL ARMAZONES
2 m 30 m 2 m 11 m 20 m 28 m
BIAS 0.28+0.57
−0.33 −0.03
+0.17
−0.48 0.64
+1.12
+0.50 0.04
+0.50
−0.25 0.11
+0.62
−0.45 0.09
+0.70
−0.57
RMSE 0.92+1.08+0.66 0.64
+0.90
+0.56 0.87
+1.23
+0.76 0.73
+1.02
+0.56 0.85
+1.01
+0.61 0.93
+1.08
+0.63
Table 11. Near surface median bias and RMSE (Meso-Nh minus Observations) of the wind speed, using the Meso-Nh ∆X = 500 m
configuration from the single nights (Table 3) values (see Fig. B3). In small fonts, the 1st and 3rd quartiles.
Wind speed (m·s−1) - ∆X = 500 m
PARANAL ARMAZONES
10 m 30 m 2 m 11 m 20 m 28 m
BIAS −1.86−0.77
−2.82 −0.82
+0.24
−1.92 −2.40
−1.80
−5.85 −1.92
−1.15
−5.72 −1.38
+0.05
−4.14 −1.27
+0.26
−2.21
RMSE 2.25+3.22+1.71 1.91
+2.78
+1.53 2.71
+6.38
+2.14 2.31
+6.41
+1.83 2.38
+5.50
+1.87 2.61
+2.99
+1.91
Table 12. Near surface median bias and RMSE (Meso-Nh minus Observations) of the wind speed, using the Meso-Nh ∆X = 100 m
configuration from the single nights (Table 3) values (see Fig. B3). In small fonts, the 1st and 3rd quartiles.
Wind speed (m·s−1) - ∆X = 100 m
PARANAL ARMAZONES
10 m 30 m 2 m 11 m 20 m 28 m
BIAS −0.70+0.09
−1.59 −0.55
+0.43
−1.69 −0.93
−0.27
−2.98 −0.93
−0.00
−2.75 −0.47
+0.29
−1.90 −0.12
+1.06
−1.78
RMSE 1.85+2.76+1.39 2.13
+2.95
+1.34 1.86
+3.34
+1.19 2.13
+3.27
+1.48 2.18
+2.52
+1.47 2.05
+2.68
+1.48
Table 13. Near surface median circular bias and RMSE (Meso-Nh minus Observations), of the wind direction from the single nights
(Table 3) values (see Fig. B5). In small fonts, the 1st and 3rd quartiles.
Wind direction (◦)
PARANAL ARMAZONES
10 m 30 m 2 m 11 m 20 m 28 m
BIAS −1.01+26.09
−18.85 −5.45
+13.54
−15.20 7.28
+16.55
−11.94 6.25
+19.25
−5.42 2.28
+13.78
−5.63 −4.53
+9.69
−10.85
RMSE 45.40+77.45+27.93 46.16
+76.97
+20.94 44.21
+61.97
+22.03 40.25
+58.71
+16.54 37.57
+58.13
+13.45 39.44
+58.74
+14.20
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Table 14. Same as Table 13, with the winds inferior to 3 m·s−1 discarded from the computations.
Wind direction (◦)
PARANAL ARMAZONES
10 m 30 m 2 m 11 m 20 m 28 m
BIAS −1.01+6.92
−20.22 −8.55
+0.27
−24.43 7.95
+25.90
−19.30 8.10
+15.78
−5.15 2.38
+12.25
−7.86 −2.48
+10.45
−12.34
RMSE 40.81+62.51+21.45 37.17
+60.95
+19.22 36.25
+50.78
+17.62 34.27
+55.82
+16.54 30.06
+53.29
+13.45 31.80
+49.67
+14.20
each parameter. We have then computed the median, first
and third quartiles, summarized in Tables 10, 11, 12 and
13, for the temperature, the wind speed and the wind
direction, respectively. In Fig. B1 and Fig. B2 are reported
the cumulative distributions of bias and RMSE of the 20
nights for the absolute temperature at Cerro Paranal (at
2 m and 30 m) and Cerro Armazones (at 2 m, 11 m, 20 m
and 28 m), respectively.
In Fig. B3 and Fig. B4 are reported the cumulative
distributions of bias and RMSE of the 20 nights for the
wind speed at Cerro Paranal (at 10 m and 30 m) and Cerro
Armazones (at 2 m, 11 m, 20 m and 28 m), respectively.
In Fig. B5 and Fig.B6 are reported the cumulative dis-
tributions of bias and RMSE of the 20 nights for the
wind direction at Cerro Paranal (at 10 m and 30 m)
and Cerro Armazones (at 2 m, 11 m, 20 m and 28 m),
respectively. The very good model performances for the
absolute temperature and for the wind direction deduced
from the overall statistical analysis are confirmed here
(Tables 10, 11, 12 and 13). The largest median bias for
the temperature is found at Cerro Armazones, at 2 m,
and is only 0.64oC. The median RMSE is always good,
with values always inferior to 1oC. Even more remarkable
is the fact that 75% of the times, the RMSE is infe-
rior to 1.23oC at 2 m at Cerro Armazones (worst value)
and inferior to 0.90oC at 30 m at Cerro Paranal (best value).
The wind direction median bias is very close to zero
(between -5.45◦ and 7.28◦ at all levels), and the median
RMSE is in the interval [37.57◦ - 46.16◦], that corresponds
to a RMSErelative in the range [21% - 26%]. What does it
occur if we filter out the winds inferior to a given threshold
(here 3 m·s−1), like in Section 4.2? The results of this
filtering are reported in Table 14. The median bias remain
similar (between 1.01◦ and 8.55◦, in absolute values).
However, the median RMSE are strongly reduced, and are
now in the range [30.06-40.81◦ ], which correspond to a
RMSErelative in the range [17-23%].
Concerning the wind speed, the same conclusions ob-
tained for the overall statistical analysis can be drawn, but
the values of the median bias and RMSE are slightly better.
When the highest horizontal resolution is ∆X = 500 m,
the median bias ranges from 0.82 m·s−1 at 30 m at Cerro
Paranal to 2.40 m·s−1 at 2 m at Cerro Armazones. The
largest median RMSE is found at Cerro Armazones at 2 m
and is equal to 2.71 m·s−1. Performances are significantly
improved when the highest model horizontal resolution is
∆X = 100 m. The median bias is halved, or better: its
best value is found at Cerro Armazones at 28 m and is
equal to 0.12 m·s−1, and its worst value remains inferior
to 1 m·s−1 (0.93 m·s−1 at both 2 m and 11 m high at
Cerro Armazones). Also, the improvement in the RMSE
is not negligible. Even though the RMSE median values
are ranging from 1.85 m·s−1 at Cerro Paranal at 2 m to
2.18 m·s−1 at 20 m at Cerro Armazones, i.e very similar to
the ∆X = 500 m configuration, the improvement is visible
looking at the 1st and 3rd quartiles. The values of the 3rd
quartiles are strongly reduced. Its largest value with the
∆X = 500 m configuration was 6.41 m·s−1 (at 11 m at
Cerro Armazones), it is now 3.34 m·s−1 (at 2 m at Cerro
Armazones) with the ∆X = 100 m configuration.
As we have seen, bias and RMSE of the night by
night analysis are slightly better than the bias and RMSE
of the overall statistics.
7 CORRELATION COEFFICIENT
In this section we explain why the use of the correlation
coefficient isn’t useful for our specific study, and why we
do not suggest its use for such a statistical analysis. The
correlation coefficient is defined as:
cc =
∑
N
i=1
(Xi −X)(Yi − Y )√∑
N
i=1
(Xi −X)2
√∑
N
i=1
(Yi − Y )2
(5)
where Xi are the individual observations, Yi the individual
simulations parameters calculated at the same time and N
is the number of times for which a couple (Xi,Yi) is available
with both Xi and Yi different from zero.
An analysis on the correlation coefficient put into ev-
idence that it (1) doesn’t provide any further information
with respect to the bias and the RMSE on the reliability
of the model in reconstructing the atmospherical parame-
ters. It doesn’t provide any information on the forecast of
the trend (as could do a simple temporal evolution aver-
age) since it doesn’t take into account the time; (2) can
be misleading in many cases (bad value for visibly good
forecasts, and vice-versa). This is particularly evident when
we consider the night by night case. An example is visible
in Fig. 5. We observe that the wind speed matches in a
much better reliable way to observations during the night
of 13 November than the night of 11 November while the
cc for the 11 November night is much better than for the
13 November night (0.95 vs. 0.29).
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Figure 5. Examples of the temporal evolution of the wind speed during 2 different nights (on the left) and the corresponding scattered
plots with the bias, RMSE and cc values (on the right).
8 CONCLUSIONS
This paper is the second of a series of articles aiming at
demonstrating the Meso-Nh model ability in reconstructing
the meteorological parameters and the optical turbulence.
Using a set of 20 nights in 2007 for which meteorological
observations near the surface were available, we have
deeply analysed the performances of the Meso-Nh model
in predicting the main meteorological parameters in the
surface layer (wind speed, wind direction and temperature,
from 2 m a. g. l. up to 30 m a. g. l. at two ESO sites
(Cerro Paranal and Cerro Armazones). Two different
configurations were used, one made with 3 domains and the
innermost domain horizontal mesh-size ∆X = 500 m, and
the second one made with 5 domains and the innermost
domain horizontal mesh-size ∆X = 100 m. The higher
model horizontal resolution ∆X = 100 m was employed in
order to investigate its impact on the wind speed forecast
near the ground (a higher horizontal resolution allows for a
better description of the orography). Statistical parameters
as bias and RMSE have been used to quantify the model
performances. Here are the main results concerning the
individual nights performances:
- Temperature: minimum median bias is 0.03◦C (30 m,
Cerro Paranal) and maximum median bias is 0.64◦C (2 m,
Cerro Armazones); minimum median RMSE is 0.64◦C
(30 m, Cerro Paranal) and maximum median RMSE is
0.93◦C (30 m, Cerro Armazones);
- Wind direction: minimum median bias is 1.01◦ (10 m,
Cerro Paranal) and maximum median bias is 7.28◦ (2 m,
Cerro Armazones); minimum median RMSE is 37.57◦
(20 m, Cerro Armazones) and maximum median RMSE is
46.16◦ (30 m, Cerro Paranal); the RMSErelative is in the
range [2% - 26%];
- Wind speed (∆X = 100 m configuration): minimum
median bias is 0.12 m·s−1 (30 m, Cerro Armazones) and
maximum median bias is 0.93 m·s−1 (11 m, Cerro Arma-
zones); minimum median RMSE is 1.85 m·s−1 (10 m, Cerro
Paranal) and maximum median RMSE is 2.18 m·s−1 (20 m,
Cerro Armazones);
Concerning the wind direction, it is worth noting that
the results can be strongly improved if we filter out the
weak winds (inferior to 3 m·s−1). On the individual nights,
the median RMSE is reduced from the range [37.57-46.16◦ ]
to the range [30.06-40.81◦ ] (median RMSErelative from
[21-26%] to [17-23%]). For the whole sample, the RMSE
improves of around 15◦ (the largest RMSE goes from 58◦
to 41.5◦, at 10 m at Cerro Paranal, for example). The
RMSE (with the filter applied) is reduced from the range
[42.9◦ - 58◦] to the range [31.7◦ - 43◦]. The corresponding
RMSErelative is reduced from [24 - 32%] to [18 - 24%]. We
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can say that the strongest is the wind, the more accurate
is the model reconstruction of the wind direction. This
is a very positive result, because for an astronomer using
ground-based facilities it is more important to know the
wind direction accurately when the wind is strong. As
we already anticipated, the wind direction is a parameter
that is mostly correlated to the seeing conditions above
Observatories. Moreover, experience showed that the
useful information in astronomical context is typically the
identification of the quadrant from which the wind comes
from. A median RMSErelative after filtering of [17-23%]
(associated to a median RMSE of [30.06 - 40.81◦]) appears
therefore as a satisfactory result for the kind of application
we are dealing with.
It is planned by the MOSE team to investigate also the
wind direction using the ∆X = 100 m configuration, with
expected even better bias and RMSE, since the orography
is better reconstructed and allows for a better description
of the flow near the surface, when a higher horizontal
resolution is employed.
It is also planned to increase the statistical sample in order
to make the conclusions even more robust.
In conclusion, we have demonstrated that the best re-
sults in terms of model forecast efficiency are for the
absolute temperature and the wind direction, with bi-
ases close to zero and small RMSEs. The results for the
wind speed are satisfactory too, even though it seems
that a higher horizontal resolution is needed to achieve
satisfactory performances. At these levels of accuracy, the
forecasted meteorological parameters can reveal very useful
for astronomers using ground-based facilities. For example,
one could think of using the forecasted temperature of
the beginning of the night for the thermalization of the
dome of the telescope. More over, knowing in advance the
main direction of the wind near the surface could allow
the astronomer to anticipate the occurrence of a good/bad
seeing night, and plan the observations consequently. All
the different applications that can be derived from such
good forecasts, and the context in which they apply, are
discussed more in detail in the joint paper (Masciadri et
al., 2013).
In a forthcoming paper we will show that, using fur-
ther quantitative estimators of the model performances and
employing dedicated at posteriori factors of correction, it is
possible to prove the usefulness of the model for the wind
speed also using a horizontal resolution ∆X = 500 m.
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APPENDIX A: TEMPORAL EVOLUTIONS
We report here the temporal evolution of the average, bias
and RMSE for all the atmospherical parameters (wind speed
and direction, and temperature), at Cerro Paranal and Cerro
Armazones.
APPENDIX B: INDIVIDUAL NIGHTS MODEL
PERFORMANCES: CUMULATIVE
DISTRIBUTIONS
We report here all the cumulative distributions of the bias
and RMSE of the single nights or all the atmospherical pa-
rameters (wind speed and direction, and temperature), at
Cerro Paranal and Cerro Armazones
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NIGHT
2 m
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DAY DAY
DAY DAYDAY
NIGHT NIGHT
NIGHTNIGHTNIGHT
DAY
Figure A1. Temporal evolution of the absolute temperature average (the bold line is the observation average and the thin line is
Meso-Nh average), bias (Mnh - Observations) and RMSE at Cerro Paranal (top: at 2 m; bottom: at 30 m). The x-axis represents the
time from the beginning of the simulation (00 h is 18 UT of the day before, 06 h is 00 UT, and 15 h is 09 UT). The nights starts at
around 06 h (00 UT / 20 LT) and is delimited by the vertical dashed line. As explained in the text the model configuration selected
for this study is optimized for the investigation of the night period. Meso-Nh is with the ∆X = 500 m configuration. Error bars are ±σ
(standard deviation) for each of the 30-minutes intervals.
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28 m
2 m
11 m
20 m
Figure A2. Same as Fig. A1 but for the absolute temperature at Cerro Armazones (from top to bottom: at 2 m, 11 m, 20 m and 28 m).
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10 m
30 m
Figure A3. Same as Fig. A1 but for the wind speed at Cerro Paranal (top: at 10 m; bottom: at 30 m). Meso-Nh is used with ∆X = 100 m
configuration.
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28 m
2 m
11 m
20 m
Figure A4. Same as Fig. A1 but for the wind speed at Cerro Armazones (from top to bottom: at 2 m, 11 m, 20 m and 28 m). Meso-Nh
is used with ∆X = 100 m configuration.
c© 2013 RAS, MNRAS 000, 1–13
18 F. Lascaux et al.
10 m
30 m
Figure A5. Same as Fig. A1 but for the wind direction at Cerro Paranal (top: at 10 m; bottom: at 30 m).
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28 m
2 m
11 m
20 m
Figure A6. Same as Fig. A1 but for the wind direction at Cerro Armazones (from top to bottom: at 2 m, 11 m, 20 m and 28 m).
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Figure B1. Cumulative distribution of bias (Mnh - Observations, on the left) and RMSE (on the right) of the temperature at Cerro
Paranal (20 nights sample), at 2 m (top) and 30 m (bottom). See Table 10 for a summarize of the bias and RMSE values. Meso-Nh is
in the ∆X = 500 m configuration.
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Figure B2. Cumulative distribution of bias (Mnh - Observations, on the left) and RMSE (on the right) of the temperature at Cerro
Armazones (20 nights sample), at 2 m, 11 m, 20 m and 28 m (from top to bottom, respectively). See Table 10 for a summarize of the
bias and RMSE values. Meso-Nh is in the ∆X = 500 m configuration.
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Figure B3. Cumulative distribution of bias (Mnh - Observations, on the left) and RMSE (on the right) of the wind speed at Cerro
Paranal (20 nights sample), at 10 m (top) and 30 m (bottom). In thick line, Meso-Nh is with the standard horizontal resolution (∆X = 500
m). In thin line, with the high horizontal resolution (∆X = 100 m). See Tables 11 and 12 for a summarize of the bias and RMSE values.
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Figure B4. Cumulative distribution of bias (Mnh - Observations, on the left) and RMSE (on the right) of the wind speed at Cerro
Armazones (20 nights sample), at 2 m, 11 m, 20 m and 28 m (from top to bottom, respectively). See Tables 11 and 12 for a summarize
of the bias and RMSE values. In thick line, Meso-Nh is with the standard horizontal resolution (∆X = 500 m). In thin line, with the
high horizontal resolution (∆X = 100 m).
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Figure B5. Cumulative distribution of bias (Mnh - Observations, on the left) and RMSE (on the right) of the wind direction at Cerro
Paranal (20 nights sample), at 10 m (top) and 30 m (bottom). See Table 13 for a summarize of the bias and RMSE values. Meso-Nh is
with the standard horizontal resolution (∆X = 500 m).
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Figure B6. Cumulative distribution of bias (Mnh - Observations, on the left) and RMSE (on the right) of the wind direction at Cerro
Armazones (20 nights sample), at 2 m, 11 m, 20 m and 28 m (from top to bottom, respectively). See Table 13 for a summarize of the
bias and RMSE values. Meso-Nh is with the standard horizontal resolution (∆X = 500 m).
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